Summary
Anoxic marine zones (AMZs) impact biogeochemical cycles at the global scale, particularly the nitrogen cycle. Key microbial players from AMZs have been identified, but the majority remains unrecognized or uncharacterized. Thirty-one single-cell amplified genomes (SAGs) from the eastern tropical North and South Pacific AMZs were sequenced to gain insight into the distribution, metabolic potential and contribution to the community transcriptional profile of these uncharacterized bacterial and archaeal groups. Detailed analyses focused on SAG-bins assigned to three of these groups that presented 79%-100% estimated genome completeness: the putative sulphuroxidizing Gamaproteobacteria EOSA II clade, a Marinimicrobia member of the recently recognized PN262000N21 clade found to be abundant in AMZ anoxic cores, and a representative of the Marine Benthic Group A Thaumarchaeota. Community-based analyses revealed that these three groups are significantly more abundant and transcriptionally more active in the AMZ microbial communities than previously described phylogenetically related microbial groups. Collectively, these groups have the potential to link biogeochemically relevant processes by coupling the carbon, nitrogen and sulfur cycles. Together, these results increase our understanding of key microbial components inhabiting AMZs and other oxygen-deficient marine environments, enhancing our capacity to predict the impact of the expansion of these ecosystems due to climate change.
Introduction
Free oxygen (O 2 ) is the key electron acceptor in the modern ocean used by aerobic organisms to catalyze the geochemical cycles of many biologically relevant elements. In some regions of the oceans, however, reduced ventilation generates an intermediate layer of hundreds of meters where O 2 falls to < 20 lM, commonly referred to as oxygen minimum zones (OMZs). Recent studies have shown that, due to various processes associated with climate change, a generalized deoxygenation of the oceans has occurred over the past five decades (Ito et al., 2017; Schmidtko et al., 2017) and that the OMZs are expanding and intensifying both vertical and horizontally (Stramma et al., 2008) .
Large-scale regions of the Arabian Sea, and the eastern-tropical North and South Pacific Ocean (ETNP and ETSP respectively) contain permanent OMZs where dissolved O 2 drops below the nanomolar detection limit of the most sensitive sensors (Revsbech et al., 2009; Larsen et al., 2016) , constituting essentially Anoxic Marine Zones (AMZs) Ulloa et al., 2012) . The AMZ ecosystems are optimal both for microorganisms that can utilize minimal O 2 concentrations, which occur at AMZ boundaries or through sporadic O 2 intrusions Bristow et al., 2016) , or microorganisms that can access alternative electron acceptors Wright et al., 2012) . Once O 2 is exhausted in the ocean, nitrate (NO 2 3 ) becomes the primary electron acceptor, as the free energy of its reduction is nearly that of O 2 (Lam and Kuypers, 2011) . Under these conditions, organic carbon (C) mineralization is fueled principally by the reduction of NO 2 3 to nitrite (NO 2 2 ), which accumulates inside AMZs. This process is carried out by a variety of microorganisms from different taxonomic affiliations (Ganesh et al., 2015) , including the abundant Alphaproteobacteria SAR11 clade (Tsementzi et al., 2016) . Moreover, NO 2 2 itself can be further reduced by complete denitrification to N 2 , a process that makes AMZs responsible for > 30% of the fixed nitrogen loss from the oceans (Codispoti et al., 2001; Gruber, 2008; DeVries et al., 2013) . Multidisciplinary studies have also revealed the importance of the sulfur (S) cycle within AMZs (Canfield et al., 2010; Stewart et al., 2012) . Here, the S and nitrogen (N) cycles are linked by microorganisms such as those from the Gammaproteobacteria clade SUP05, which are capable of S-oxidation using inorganic N-compounds as electron acceptors (Walsh et al., 2009 , Shah et al., 2017 . Fewer studies have focused on microbial mediation of the C-cycle in AMZs, although chemoautotrophic microbial taxa have been shown to be present or even dominate in AMZ waters (Stevens and Ulloa, 2008; Belmar et al., 2011; Stewart et al., 2012; Wright et al., 2012) . Recent studies have described the presence of methylotrophic microorganisms in sulfidic OMZs (Torres-Beltr an et al., 2016; Padilla et al., 2017) and in the ETNP AMZ (Padilla et al., 2016) ; they have the potential of utilizing single carbon (C 1 ) compounds as a source of carbon and/or energy. Although AMZs contain the largest pool of methane (CH 4 ) in the open ocean (Sansone et al., 2001) , this CH 4 is apparently not actively oxidized aerobically (Pack et al., 2015) . However, the recently described ETNP AMZ methylotrophs are members of the NC10 bacterial group (Padilla et al., 2016) , which in other anoxic environments have been shown capable of anaerobic CH 4 oxidation (AOM), utilizing O 2 dismutated from nitric oxide (Ettwig et al., 2010) . Many other microorganisms that might utilize the CH 4 and other C 1 -compounds anaerobically in the AMZs remain to be recognized and characterized.
This study utilized both single-cell genomic and complementary community-sequencing approaches to gain insight into the distribution, metabolic potential and transcriptomic activity of previously uncharacterized microbial taxa. Single-cell genomes from 16 previously unrecognized and uncharacterized AMZ microbial groups are presented here. However, in-depth analyses centered on SAGs or SAG-bins (> 79% complete) from three groups of the Thaumarchaeota, Proteobacteria and Marinimicrobia phyla. Members of these three groups recruit significant portions of AMZ metagenomes and metatranscriptomes. Also, the protobacterial and marinimicrobial genomes have high genomic and transcriptomic recruitment levels among microbial communities from other O 2 -deficient marine environments. Overall, members of these three groups were found to have the genetic potential for coupling the C, N and S cycles in the AMZs through different metabolic processes.
They include: anaplerotic C-fixation, assimilation/oxidation of C 1 -compounds, carbon monoxide oxidation, uptake of reduced carbon sources, uptake of NO 2 3 / NO 2 2 and/or ammonium, as well as NO 2 3 dissimilatory reduction and the reduction/oxidation of Scompounds. This study thus provides new insight to the distribution and functional diversity of uncharacterized microbial groups with potentially important biochemical roles in O 2 -deficient marine environments that are expanding due to climate change (Stramma et al., 2008; Schmidtko et al., 2017) .
Results and discussion

Selection and phylogeny of AMZ SAGs
Whole-genome sequencing was performed on 31 SAGs that each contained a 16S rRNA gene, from different layers within the ETNP and ETSP AMZs (Fig. 1) . These SAGs were chosen based on their assignation to 16 phylogenetic groups lacking reference genomes at the beginning of this study (2 Archaea and 14 Bacteria; Supporting Information Dataset S1 and Fig. S1 ). Due to their phylogenetic novelty, most of the 16 AMZ groups had not been previously named. Thus, they were identified here with a prefix indicating their taxa, plus an acronym of the environment in which they were found to be most abundant ( Fig. 1 and Supporting Information Dataset. S2). The novelty of the AMZ groups studied here was confirmed by the low similarity to their closest matches among reference genomes (except for the Marinimicro-ETSP200, Lutibac-Splume and Thalassoarch-OXYCLN SAGs, which have recently sequenced reference genomes; Supporting Information Dataset S1): all had < 92% 16S rRNA identity (except for A-Proteo-Rhodobac-SURF), < 80% average nucleotide identity (ANI; with aligned fractions of < 0.27) and < 36% shared homologs (using a 60% nucleotide identity threshold to determine homologs).
In some cases, metabolic reconstructions were limited by SAG completeness, which ranged from 3% to > 79% (Table 1) . To enhance completeness, SAG-bins were generated with SAGs that had a species-level similarity at both the 16S rRNA (identity > 98%) and genomic level (ANI > 97%) (Supporting Information Dataset S1) (Kim et al., 2014; Varghese et al., 2015) . Further details regarding the distribution and metabolic potential of all other AMZ clades of this study are discussed in Supporting Information (Figs. S2-S5). Thus, results presented and discussed here centered principally on a Marine Benthic Group A (MBG-A; phylum Thaumarchaeota) SAG with 79% estimated completeness, and SAGs from two other clades for which the binning of their predicted proteins (SAG-bins) resulted in an estimated completeness of > 80% (Table 1) : a Gammaproteobacteria group previously described as 'ESP-OMZ-Sequence-Accumulation II' (EOSA II) (Stevens and Ulloa, 2008) , and a Marinimicrobia group abundant in the AMZs' anoxic core, named here as 'Marinimicro-ETSP200' that branched with previously described 16S rRNA sequences from that location (Stevens and Ulloa, 2008) .
The Thaumarchaeota MBG-A SAG was obtained from the ETSP AMZ deep oxycline, at a depth of 405 m (Fig. 1) .
Closely related 16S rRNA sequences of Thaumarchaeota MBG-A have been previously retrieved from depths of > 1000 m in sub-seafloor sediments (Vetriani et al., 1999; Tao et al., 2008; ) , the interphase of deep marine brines (Guan et al., 2015) and within the ETSP AMZ (Belmar et al., 2011) . The Gammaproteobacteria EOSA-II SAGs were obtained from the oxyclines and anoxic core of the ETNP and ETSP AMZs (Fig. 1) , and were phylogenetically related to 16S rRNA sequences described to be numerically abundant in the ETSP AMZ (Stevens and Ulloa, 2008) . Although this clade initially included sequences assigned to the AGG47 cluster (Stevens and Ulloa, 2008) , this relationship was not statistically supported in the updated phylogenetic analysis done here (Fig. 1) . The Marinimicro-ETSP200 SAGs branched within clade PN262000N21 of the Marinimicrobia phylum (Fig. 1) , for which a metagenomeassembled genome (Marinimicrobia BIN001) was recently obtained from the sulfidic coastal OMZ waters off Costa Rica . The Marinimicro-ETSP200 SAGs and the Marinimicrobia BIN001 genome (GenBank acc. no. NNSG00000000) were closely related with regards to their 16S rRNA genes (99.78% identity, SD 6 0.11%), but distinct at the genomic level (86.14% ANI, SD 6 0.19%), The horizontal tree shown in the upper section corresponds to a maximum likelihood SSU rRNA phylogeny of the AMZ SAGs (red branches) and their closely related clone sequences (black branches) and closest reference genomes (blue branches). The support of each node was calculated with 100 iterations (bootstrap values) and condensed to a statistical support of > 50%. Each phylum is highlighted with a distinctive color, and their names are shown above their corresponding branches, or vertically in the case of phyla Chloroflexi, Planctomycetes and Acidobacteria. Proteobacteria classes are specified above their corresponding branches. The Proteobac-PARTICL SAG, assigned to the CEP-DCM-66 clade, branches as a sister group to all Proteobacteria classes. The taxon identifier assigned to the SAG clades are shown below their corresponding branches. The scheme on the left represents the chemical profile of the ETNP (N) and ETSP (S) AMZ layers from which the SAGs were sampled (Supporting Information Fig. S7 and Dataset S1). The total number of SAGs with a SSU sequence in each sample is shown in parenthesis. The '*' for the AMZ SCM samples denote that these SAGs were obtained from a sorting enrichment targeting picocyanobacteria. The bubble plot shows the proportion of each clade among the total SSU-containing SAGs retrieved within each AMZ layer. Since the proportion of SAGs obtained from the AMZ SCM enrichments does not reflect the natural abundance of these clades in the environment, their presence in the samples are represented by a square. Filled circles and squares correspond to SAGs selected for whole genome sequencing and further analysis, while hollow figures denote those that remained unsequenced.
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Environmental representation of SAG-bins
To explore the abundance of members from the targeted phylogenetic groups in different aquatic environments, these SAGs were used as references for fragment recruitments against various metagenomes (including four generated in this study; Fig. 2 ). Due to the differences in assembled genome size among the SAGs and SAG-bins (Supporting Information Dataset S1), the proportions of recruited metagenomic fragments were normalized to the total assembled base pairs in the reference genomes. Overall, Marinimicro-ETSP200 and Gammaproteobacteria EOSA-II reached their highest abundances within metagenomes of the AMZs anoxic core, where they recruited up to > 1% of the metagenomic sequences per Mbp (Fig. 2) . Also, they recruited up to > 0.3% and > 0.1% of the metagenomic sequences per Mbp from a sulfide plume in the ETSP AMZ and the seasonal OMZs of the eastern South and North Pacific respectively (Fig. 2) . These latter 'seasonal OMZs' correspond to locations along continental shelves with seasonally variable water column O 2 concentrations (e.g., the central area off the coast of Chile), associated with wind-driven upwelling events that generate the intrusion of nutrient-rich, O 2 -deficient waters (Gal an et al., 2012 and references within). The Thaumarchaeota MBG-A distribution seemed restricted to the AMZs, reaching their highest abundances in the AMZs anoxic core, where they recruited > 0.1% of the metagenomic sequences per Mbp (Fig. 2) . Thaumarchaeota MBG-A had Taxonomically closely related SAGs, whose genomes had a species-level relatedness (Average Nucleotide Identity of > 97% and a 16S rRNA gene identity of > 98%; Supporting Information Dataset S1), were combined to increase the genomic information for these clades. The completeness calculated through CheckM is showed whenever there was only a single SAG for a determined group. More SAG genomic features are detailed in Supporting Information Dataset S1 (see 'SAGs Genomic Summary'). Can. Div. 5 Candidate Division; MBG-A 5 Marine Benthic Group A; EOSA-II 5 ESP-OMZ-Sequence-Accumulation II.
negligible recruitment of metagenomic fragments in all the other aquatic environments analyzed here (Fig. 2) . The distribution of members from these three groups was in agreement with fragment recruitment analysis to 59 metatranscriptomes (including six generated in this study; Supporting Information Fig. S6 ). The 16S rRNA Illumina tag-sequencing data from community DNA and RNA showed results consistent with the Metagenomic fragment recruitments using the SAGs as references (90% identity threshold). The red stars denote that these three metagenomes were generated in this study. The metagenomes are enumerated along the y-axis and grouped according to environment type, as detailed in Supporting Information Dataset S2, and the O 2 concentration (when available) is shown in the left graph. 'AMZ' refers to metagenomes from the Arabian Sea, ETNP and ETSP AMZs. 'AMZ core' metagenomes were sampled from the NO 2 2 peak within each AMZ.
Single-cell genomes of anoxic-marine-zone microbes 5 V C 2018 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 00, 00-00 recruitment analyses (Fig. 3) . Overall, the abundance of 16S rRNA sequences classified to Gammaproteobacteria EOSA-II, Marinimicro-ETSP200 and Thaumarchaeota MBG-A increased within the ETSP AMZ microbial community when O 2 concentrations dropped (Fig. 3) . Clades with highest abundances within the AMZ clades were most highly represented in the 0.2 to 3 lm size fraction within the anoxic core (Fig. 3 ), suggesting that their representatives correspond to free-living microorganisms. In the ETSP 200-m deep anoxic core, the sum of the amplicon sequences matched to all 16 clades analyzed in this study comprised 3.72% and 2.91% of the AMZ microbial community 16S rRNA sequences from DNA and RNA respectively (Supporting Information Dataset S2). At the 200 m anoxic core, AMZ microbial community 16S rRNA sequences for Gammaproteobacteria EOSA-II (0.541% in DNA; 0.418% in RNA), Marinimicro-ETSP200 (1.89% in DNA, 1.68% in RNA) and Thaumarchaeota MBG-A (0.13% in DNA, 0.12% in RNA) reached their highest representation (Fig. 3) .
The metagenomic and metatranscriptomic fragment recruitments of Gammaproteobacteria EOSA-II, Marinimicro-ETSP200 and Thaumarchaeota MBG-A were compared to those of available reference genomes of the S-oxidizing SUP05 clade, closely related genomes from the Marinimicrobia phylum and methanogenic/methylotrophic Bathyarcheaota respectively (Supporting Information Fig. S8 ). Overall, members from the three groups of this study recruited up to one order of magnitude more metagenomic and metatranscriptomic fragments than the reference genomes of their counterparts, from both the particle-associated and free-living size fractions of the various layers of the AMZs (Supporting Information Fig. S8 ). Also, the metagenomic sequence recruitment of Marinimicro-ETSP200 representatives were on average 2.5 (SD 60.7) times higher within the AMZs, compared to the closely related Marinimicrobia BIN001 genome recovered from a coastal sulfidic OMZ (Supporting Information Fig. S8 ) . Furthermore, Marinimicro-ETSP200 recruited up to > 1% of the metatranscriptomic sequences per Mbp in the AMZs, compared to Marinimicrobia BIN001, which only recruited transcripts from within the sulfide plumes that sporadically occur in AMZs (Supporting Information Fig. S8 ). Overall, these results suggest that microorganisms analyzed here are numerically relevant and active members of the AMZs and other O 2 -deficient marine environments.
Carbon and energy metabolisms
The degree of microbial metabolic coupling of the C, N and S cycles increases within O 2 -deficient marine waters, where the lack of O 2 forces various groups to act in concert to fuel inorganic C-fixation (Stilianos et al., 2016) . Thus, metabolic reconstructions of Gammaproteobacteria EOSA-II, Marinimicro-ETSP200 and Thaumarchaeota MBG-A were analyzed with focus on the pathways of C, N and S metabolisms (Fig. 4A) .
Regarding the capacity for C-fixation, genes involved in the reductive tricarboxylic acid cycle (rTCA) were found in the Gammaproteobacteria EOSA-II and Marinimicro-ETSP200 SAG-bins (Fig. 4A) . However, enzymes involved in a key rTCA reaction, converting citrate to acetyl-CoA, were not found here (i.e., citryl-CoA synthase, EC 6.2.1.18; citryl-CoA lyase, EC 4.1.3.34; and/or citrate lyase EC 2.3.3.8). Similarly, several genes for the methanogenic variant of the reductive acetyl-CoA pathway were found in the Thaumarchaeota MBG-A SAG (Fig. 4) . Nonetheless, genes involved in the carbonyl branch biosynthesis of this pathway could not be found (i.e., CO-dehydrogenase, EC 1.2.7.4; and Acetyl-CoA decarbonylase/synthase, EC 2.3.1.169). Thus, the data obtained here does not provide enough evidence for the capacity for C-fixation among these three groups.
The elevated levels of dissolved CH 4 in the AMZs (Sansone et al., 2001) should represent a valuable source of C and energy for various methylotrophic microorganisms. However, the ETNP AMZ presents low aerobic CH 4 oxidation rates (Pack et al., 2015) . Moreover, anaerobic CH 4 oxidation has not been reported for any AMZ yet, although methylotrophs found in anoxic environments have been detected in the ETSP (Padilla et al., 2016) . Various (Li et al., 2003) . However, no genes for the methyl-CoM reductase subunits (a key methanogenesis marker) were found neither in the Thaumarchaeota MBG-A SAG nor in the AMZ metagenomes and metatranscriptomes sampled simultaneously with the SAGs of this study (see Supporting Information Experimental procedures). Genes involved in methanol oxidation (alcohol dehydrogenases) and the assimilation of formaldehyde through the serine pathway were found in the Gammaproteobacteria EOSA-II SAG-bin (Fig. 4A) . Notably, the Thaumarchaeota MBG-A SAG had an alcohol dehydrogenase, enzymes for the assimilation of formaldehyde through both the serine and ribulose monophosphate pathways, and the potential to oxidize formaldehyde through the H 4 MPT-dependent pathway (Fig. 4) (Chistoserdova et al., 1998 (Evans et al., 2015) . The Bathyarchaeota, Thaumarchaeota and Aigarchaeota phyla are phylogenetically related sister clades within the TACK superphylum (Evans et al., 2015) . An origin for this pathway in their common ancestor could be a possible explanation for the H 4 MPT-dependent Single-cell genomes of anoxic-marine-zone microbes 7 formaldehyde oxidation pathway in MBG-A. However, a recent acquisition through horizontal gene transfer seems more likely due to the high similarity of its genes to the Bathyarchaeota homologs (Supporting Information Fig.  S9A-F) , and the absence of these enzymes among other closely related Thaumarchaeota genomes (Beam et al., 2014) . Thus, both Gammaproteobacteria EOSA-II and Thaumarchaeota MBG-A may potentially utilize C 1 -compounds within the O 2 -deficient environments they inhabit. Regarding other C and/or energy related pathways (Fig.  4A) , Marinimicro-ETSP200 has the coxSLM gene cluster for carbon monoxide oxidation (K03519, COG1529, K03518) and genes involved in anaplerotic C-fixation, such as pyruvate carboxylase (EC 6.4.1.1) and the glycoxylate cycle (Fig. 4A) . All three groups of this study possess genes encoding for formate dehydrogenase (Fig. 4A) , which would allow them to respire formate anaerobically by working in concert with their dissimilatory nitrate reductase (see below; Jormakka et al., 2002) . Also, Gammaproteobacteria EOSA-II had various transporters for choline, glucose and/or mannose (K10112, K17315, K17316, K17317) substrates, which may then be incorporated into the central C-metabolism (Fig. 4A ). All three groups have genes for gluconeogenesis and glycolysis, the tricarboxylic acid cycle, various complexes of the electron transport chain and ATP synthase (Fig. 4A) . However, regarding the the electron transport chain genes, only those encoding for complex I, NADH:ubiquinone oxidoreductase, were found in the Thaumarcheaota MBG-A SAG (Fig. 4) .
Nitrogen and sulfur metabolisms
In terms of N-uptake, the three groups possessed genes for a high affinity ammonium transporter (Amt family, K03320). Gammaproteobacteria EOSA-II and Marinimicro-ETSP200 also have NO 2 3 / NO 2 2 transporters (K02575 and/or K02598; Fig. 4A ). These three groups had narGHIJ genes for NO 2 3 reduction (Fig. 4A) . Notably, the Thaumarcheaeota MBG-A narGH branch with homologs from the bacterial candidate division RBG-1 (Supporting Information Fig. S9G and H) . However, similarity searches performed on neighbouring genes on the same contig support an archaeal origin (Supporting Information Dataset S1, see 'MBG-A CH4-NO3 genes BLASTp'). This suggests a different origin for the MBG-A NO 2 3 reductase gene cluster, compared to Thaumarchaeota Candidatus Caldiarchaeum subterraneum and the Euryarchaeota Candidatus Methanoperedens nitroreducens (Haroon et al., 2013; Evans et al., 2015) , which appear to be the result of horizontal gene transfer events from Soxidizing Gammaproteobacteria (Supporting Information Fig.  S9G and H) . Evidence suggesting that the NO 2 3 reductase gene cluster seems to have been independently transferred various times from bacteria to these archaea groups.
Most microbial groups reported here possess the metabolic potential for sulfate assimilation and a variety of Smetabolisms (Fig. 4A) . Consistent with the phylogenetic branching of Gammaproteobacteria EOSA-II among Soxidizing Gammaproteobacteria (Fig. 1) , its reverse dissimilatory sulfate reductase genes (r-dsrAB, EC 1.8.99.1 and EC 1.8.99.3 respectively) are similar to homologs from recognized chemolithoauthotrophic S-oxidizing Gammaproteobacteria (Supporting Information Fig. S10 ). The metabolic potential for S-oxidation is also further supported by the presence of flavocytochrome c S-dehydrogenase (EC 1.8.2.3) and SOX system genes (soxAX, K17222 and K17223; Fig. 4A ) in the Gammaproteobacteria EOSA-II SAG-bin.
A gene for thiosulfate dehydrogenase (doxD, EC 1.8.5.2; Fig. 4A ) was found in the Marinimicro-ETSP200 SAG-bin, which has not been previously reported among sequenced members of this phylum. This enzyme can oxidize thiosulfate to tetrathionate, and transfer the resulting electrons (through quinones) to the respiratory chain to obtain energy (M€ uller et al., 2004) . Members of the Marinimicrobia phylum have been recognized as important members of the OMZs with potential involvement in the S-cycle (Wright et al., 2012; Allers et al., 2013; Hawley et al., 2017) . This is attributed to their capacity to reduce sulfoxide and dimethyl sulfoxide (Grimaud et al., 2001) , and due to harbouring sulfide:quinone reductases (sqr; IMG/ER version January 2016) and polysulfide reductases (psrABC, EC 1.12.98.4) (Wright et al., 2014; Bertagnolli et al., 2017) . Here we further expand the S-metabolism repertoire of this phylum by adding the capacity of Marinimicro-ETSP200 representatives (clade PN262000N21) to obtain energy through the oxidation of thiosulfate.
Potential coupling of carbon, nitrogen and sulfur metabolisms
Microorganisms capable of obtaining energy by respiring alternative electron acceptors increase along the AMZ water column as O 2 concentration declines (Canfield et al., 2010; Stewart et al., 2012; Ulloa et al., 2012; Wright et al., 2012) . These microbial groups have distribution patterns according to the relative availability of the electron acceptor(s) they are able to utilize, and generally establish modular metabolic interactions with other microbial partners to maximize the yields obtained from these energetically less favourable redox reactions (i.e., compared to aerobic respiration) (Reed et al., 2014; Stilianos et al., 2016) . Thus, low-O 2 conditions favours the coupling of biochemical cycles through microbial interactions. For example, the C, N and S cycles are coupled in the AMZs by the Gammaproteobacteria SUP05 clade by fixing C through the reductive pentose phosphate cycle and obtaining energy through denitrification (Walsh et al., 2009; Canfield et al., 2010) , Environmental Microbiology, 00, 00-00 members of the Planctomycetes bacteria capable of fixing C through the reductive acetyl-coenzyme A pathway, fueled by anaerobic ammonium oxidation (anammox) (Strous et al., 2006) , as well as, ammonium-oxidizing Thaumarchaeota that fix C through the 3-hydroxypropionate/4-hydroxybutyrate cycle (Walker et al., 2010) . Gammaproteobacteria EOSA-II, Marinimicro-ETSP200 and Thaumarchaeota MBG-A are potentially capable of reduction/oxidation of S-compounds, dissimilatory NO 2 3 reduction and oxidize/assimilate C 1 -compounds, to build biomass and fuel their central metabolism. The redox state of NO 2 2 allows it to be both oxidized and reduced (under aerobic and anaerobic conditions respectively), and, thus, plays a pivotal role in microbial metabolisms.
To further understand the role of these three groups in the AMZs, their transcriptional activity was assessed through the representation of transcripts associated with genes of key metabolic pathways, in metatranscriptomes from the ETSP AMZ oxycline and anoxic core (sampled in 2008 and 2013; Fig. 5 ). Up to 45% of the metatranscriptomic reads recruited to Gammaproteobacteria EOSA-II were assigned to genes involved in acquisition/assimilation of N-compounds, oxidation of S-compounds, the carbohydrate transporters and, only up to 2.34%, were assigned to genes involved in NO 2 3 reduction (Fig. 5) . In contrast, Marinimicro-ETSP200 recruited up to two orders of magnitude more fragments related to genes involved in NO 2 3 reduction than those involved in the reduction/oxidation of S-compounds, and up to ten times more than genes involved in the transport and assimilation of N-compounds (Fig. 5) . Genes involved in methanol/formaldehyde assimilation were also found to be actively expressed by the Gammaproteobacteria EOSA-II and Thaumarcheaeota MBG-A in the ETSP AMZ anoxic core (Fig. 5) . Additionally, genes involved in the oxidation of C 1 -compounds (i.e., methylotrophy) and dissimilatory NO 2 3 reduction recruited a considerable proportion of the transcripts associated to Thaumarcheaeota MBG-A (Fig. 5) . Thus, the NO 2 2 these three groups may generate could be used by several coupled and/or competing N-based microbial processes occurring in the AMZs, such as anammox (Thamdrup et al., 2006; Gal an et al., 2012) , complete denitrification (Ward et al., 2009; Dalsgaard et al., 2012) , AOM through the dismutation of NO (Ettwig et al., 2010; Padilla et al., 2016) , and NO 2 2 oxidation in the AMZ core and oxyclines (Ward et al., 1989; Lipschultz et al., 1990) . In summary, both the metabolic potential and transcriptomic profiles of Gammaproteobacteria EOSA-II, Marinimicro-ETSP200 and MBG-A supports an active role for them in coupling the C, N and S cycles in AMZs.
Conclusions
Single-cell and community approaches applied here offer novel insight into the phylogeny, distribution, metabolic potential and in situ transcriptomic relevance of Gammaproteobacteria EOSA-II, Marinimicro-ETSP200 and Thaumarchaeota MBG-A. These microbial groups lacked reference genomes at the beginning of this study, and had, thus, been previously overlooked with regards to their distribution and biogeochemical roles in O 2 -deficient marine environments. Notably, these three groups are significantly more abundant, and transcriptionally more active in the ETNP and ETSP AMZ microbial communities than previously described genomes of closely related microorganisms.
Although evidence for autotrophic C-fixation was inconclusive, Gammaproteobacteria EOSA-II, Marinimicro-ETSP200 and Thaumarchaeota MBG-A presented the potential for carbon monoxide oxidation, anaplerotic Cfixation, assimilation and/or oxidation of C 1 -compounds and also our analysis suggests that Gammaproteobacteria EOSA-II actively transcribes genes for the uptake of reduced carbon sources. Regarding the N and S metabolism of these three clades, they have the potential for NO 2 3 dissimilatory reduction, NO 2 3 / NO 2 2 and/or ammonium uptake, and the reduction or oxidation of S-compounds (Fig. 4A) . Moreover, the recruitment of metatranscriptomic fragments suggests these metabolic pathways are being actively transcribed in both the oxyclines and anoxic core of the ETSP AMZ (Fig. 5) . In the AMZ anoxic core, where the three groups of this study were most abundant and transcriptionally active, some of the AMZ microorganisms that might benefit by their production of NO 2 2 include the Planctomycetes anammox bacteria (Strous et al., 2006) , NC10 bacteria capable of AOM (Padilla et al., 2016) and a taxonomically diverse array of microbial groups capable of further reducing NO 2 2 through denitrification (Ganesh et al., 2015) . Therefore, the three groups analyzed here may facilitate a tighter coupling of the C, N and S cycles in the AMZs (i.e., without being directly involved in N-loss).
Experimental procedures
Physical-chemical profiling, community DNA/RNA and single-cell sample collection and sequencing Fig. 1 and Supporting Information Dataset S1). Seawater collection was performed using a Niskin-bottle rosette, or a Pump Profiling System for the NBP13-05 cruise, equipped with a conductivity-temperature-depth profiler (Sea-Bird SBE 911plus), dissolved O 2 sensor, fluorometer and transmissometer. The AMZ microbial community was sampled by sequentially filtering 8-12 l through a 20 lm mesh, 3 lm (poly-carbonate, Millipore) and 0.2 lm pore size filters (polyethersulphone, Millipore). Filters were flash frozen in liquid nitrogen and then stored at 2808C before DNA or RNA extraction and sequencing of the 3-20 or 0.2-3 lm size fraction at the Center for Genomics and Bioinformatics, Universidad Mayor (see below). Triplicate 2 ml samples were taken simultaneously for single-cell analysis, amended with sterile glycerol-TE buffer (Rinke et al., 2013) , cryopreserved in liquid nitrogen and then stored at 2808C. Single-cell sorting, wholegenome amplification, bacterial and archaeal 16S rRNA realtime PCR screening and sequencing was performed at the Bigelow Single Cell Genomics Center (www.bigelow.org/scgc) following protocols previously described (Rinke et al., 2013) . SAGs were decontaminated to minimize the risk of exogenous sequences in the datasets utilized for genomic comparisons and metabolic reconstructions (see Supporting Information).
SAG 16S-screening and phylogenetic analyses
Over a thousand SAGs were amplified and screened for those containing an 16S rRNA gene, and then sequenced (Rinke et al., 2013) . The complete 16S rRNA gene sequences obtained from these SAGs were then used as BLASTn queries against the Integrated Microbial Genomes Expert Review (IMG/ER) (Markowitz et al., 2009 ) and NCBI nr database (accessed August 2015). The partial sequences obtained during the SAG screening (800 bp and 550 bp for bacterial and archaeal SAGs respectively) were utilized whenever the full 16S rRNA gene was not retrieved within the SAG contigs. Sequences were aligned with SSU-ALIGN (Nawrocki, 2009) . Gaps due to insertions in 16S rRNA gene sequences were removed (Brown et al., 2015) , and their substitution model was calculated with MEGA v6.06 (Tamura et al., 2013) , for which the General Time Reversible model with a discrete Gamma distribution and a certain fraction of invariable sites was the best fit model (considering the Akaike and Bayesian information criteria).
Combining protein coding genes of closely related SAGs and their metabolic potential
The completeness of the resulting SAGs ranged from 0% to 50%, except for the more complete MBG-A and A-ProteoRhodobac-SURF SAGs (Table 1) . However, a more complete view of their metabolic potential was obtained when combining the protein coding genes of SAGs from the same group ( Fig. 1 and Table 1 ). Predicted genes were combined only if the SAGs had an 16S rRNA identity > 98%, and if they had an ANI > 97% (Supporting Information Dataset S1). The combining of SAGs into a single bin was based on the assumptions that genomes with an ANI > 96.5% (Varghese et al., 2015) and an 16S rRNA identity of > 98% (Kim et al., 2014) should belong to the same species. This procedure did not involve the generation of combined assemblies. Pairwise ANI values were calculated through IMG/ER as described in: https://img. jgi.doe.gov/docs/docs/ANI.pdf. The predicted genes of combined SAGs were clustered using CD-HIT-EST (Fu et al., 2012) at a nucleotide identity threshold of 98% for metatranscriptomic fragment recruitments.
The predicted gene sequences of interest were annotated using the Kyoto encyclopedia of genes and genomes (KEGG) and/or Enzyme Commission (EC) database. Genes involved in pathways of interest were classified according to their annotation described in BioCyc (Caspi et al., 2016) and the two databases mentioned above. The predicted proteins in the AMZ clades and in all SAGs are detailed in Supporting Information Dataset S1 along with affiliated pathways and their classification.
Community DNA/RNA extraction and shotgun sequencing Community DNA was extracted as described previously (Gal an et al., 2012) . Cells collected on filters were lysed with 1.5 ml of lysis buffer (50 mM Tris/HCl, 40 mM EDTA and 0.73 M sucrose) plus 2 mg of lysozyme in 40 ll of lysis buffer and cells were lysed for 45 min at 378C. Following cell lysis, 100 ll of proteinase K (10 mg ml
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) and 100 ll SDS 20% (w/v) were added to each filter and samples were then incubated at 508C for 1 h. The lysates were extracted, once with phenol-chloroform-isoamyl alcohol (25:24:1; pH 8) and once with chloroform-isoamyl alcohol (24:1). Then, samples were concentrated by isopropanol precipitation at 2208C overnight and the DNA pellet was washed with cold 80% (v/v) ethanol and resuspended in 50 ll of nuclease-free water. DNA was then quantified using QuantiFluor DNA (Promega) and quality checked through an Agilent 2100 Bioanalyzer system. Shotgun libraries were generated using TruSeq DNA, qPCR quantified using the KAPA Library Quantification Kit (KK4824) Environmental Microbiology, 00, 00-00 and sequenced on a MiSeq platform using the 600-cycles MiSeq Reagent Kit v3 (Illumina), generating paired-end 300 bp reads. 10 6 0.5 pM of the quantified libraries were used for sequencing. Total community RNA was extracted using PureLink RNA MiniKit (Ambion), according to the manufacturer's instructions. RNA was quantified using QuantiFluor RNA (Promega) and quality checked with an Agilent 2100 Bioanalyzer system using the RNA 6000 Pico kit (Agilent). The RNA was enriched in Bacterial and Archaeal transcripts by removing the polyA transcripts and some bacterial rRNA using the MICROBEnrich and MICROBExpress kit (Ambion) respectively. After the transcript enrichment and rRNA depletion, samples were quality checked and quantified using a Bioanalyzer picoChip RNA (Agilent). RNA libraries were generated using the RNA TruSeq Kit (Illumina), qPCR quantified using the KAPA Library Quantification Kit (KK4824) and sequenced on a MiSeq platform using the 500-cycles MiSeq Reagent Kit v2 with 11 6 0.5 pM of the quantified libraries, generating paired-end 250 bp reads. All associated raw data is available through NCBI Bioproject PRJNA393056.
SAG 16S rRNA gene phylogenetic analyses
Maximum Likelihood phylogeny was inferred and all tree topologies were statistically evaluated by bootstrap analysis with 100 resamplings in MEGA v6.06 (Tamura et al., 2013) . 16S rRNA gene phylogenetic trees were drawn using Interactive Tree of Life v3 (Letunic and Bork, 2016) . The phylogeny of the Proteobac-PARTICL SAG and the SAGs affiliated with candidate divisions were further corroborated by assessing the phylogeny of a subset of universal single-copy phylogenetic marker genes (Mende et al., 2013) ; the alignment of their amino acid sequences was generated with MAFFT (Katoh et al., 2005) , using the E-INS-i algorithm. Phylogenetic trees were then generated with the same methodology as described above, using the Le and Gascuel substitution model with a discrete Gamma distribution and a certain fraction of invariable sites for both the candidate division and Proteobac-PARTICL predicted proteins. Bayesian phylogenetic inference was performed using MrBayes 3.2 (Ronquist et al., 2012) , employing the best fit substitution model as calculated above (i.e., GTR 1 G1I). Flat Dirichlet priors were applied to revmat and statefreq. A uniform prior was applied to pinvar, whereas a discrete uniform prior was applied to topologies (all topologies equally probable a priori). In turn, an unconstrained:exponential prior was applied for branch length. Two Metropolis-coupled Markov Chain Monte Carlo runs were performed, with four chains: one cold and three heated. The analyses started with a random tree and were run for 20 million generations. Every 1000 generations, a tree was saved. The first 2.5 million generations were excluded and burned in. A majority-rule consensus of the remaining trees was obtained. Results between the two runs were highly consistent. The final standard deviation of split frequencies was 0. 
SAG genome quality control, completeness estimation and genomic comparisons
After determining their affiliation to a bacterial or archaeal groups lacking sequenced genomes, a total of 31 SAGs were selected for whole genome sequencing (Fig. 1) . In addition to the quality controls and tetramer homogeneity tests performed by Bigelow SCGC, the G 1 C content of preliminary decontaminated SAG contigs (contigs of > 2 Kbp) was assessed. Contigs with a G 1 C content off by more than 65% the average of the corresponding SAG were discarded. Then, to further discard contaminating contigs, the putative gene coding sequences present in the remaining SAG contigs (all 6 possible reading frames) were compared to the NCBI nr (accessed March 2015) using BLASTx, considering hits with > 30% identity. The annotation of the predicted protein sequences served to taxonomically assign each contig using DarkHorse (Podell and Gaasterland, 2007) . Contigs lacking proteins from their corresponding phylum were discarded. However, the G 1 C content of contigs was the only additional criteria applied for SAGs from groups that were poorly represented in the databases at the time of this analysis (i.e., candidate division OD1, OP3 and PER). The gene prediction, annotation and functional analysis of the SAG sequences were conducted through IMG/ER (Markowitz et al., 2009 ). The annotated SAGs were then further decontaminated within IMG/ER, following procedures recommended by the JGI Microbial Single Cell Program (https://img.jgi.doe.gov/docs/ SingleCellDataDecontamination.pdf). The completeness of the final decontaminated SAGs was determined by the presence of 40 universal, single-copy phylogenetic marker genes (Mende et al., 2013) and also through CheckM (Supporting Information Dataset S1). The closest reference genomes of each AMZ group was determined by a consensus of the 16S rRNA gene identity, ANI and the proportion of shared homologues with respect to the total predicted genes of each group (Supporting Information Dataset S1) (Varghese et al., 2015) . The number of shared homologues corresponded to the sum of all the best hits found between the closely related reference genome and the SAG(s) of each group (utilizing a > 60% identity threshold). These analyses were performed using all Bacteria or Archaea genomes available in IMG/ER (version 13 November 2015).
Metagenomes and metatranscriptomes quality filtration, fragment recruitment, assembly and annotation
Raw sequences were quality filtered by removing small reads (< 50 bases) and reads with an average Phred quality score of < 24. The ends of the processed reads were then trimmed according to the quality profiles of each dataset and reads that still had ambiguous bases and homopolymeres (> 10 bases) were removed. For all metatranscriptomes, rRNA gene fragments were identified using metaxa2_x (Bengtsson-Palme et al., 2015) and removed. For symbiont metagenomes and metatranscriptomes, host reads were removed after being assigned by BLASTn (using a threshold of > 75% identity and Single-cell genomes of anoxic-marine-zone microbes 11 V C 2018 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 00, 00-00 > 100 bitscore) to sponge and/or metazoan genomes available in NCBI GeneBank (version November 2015; Supporting Information Dataset S2). Metagenomes with reads of > 800 bp were randomly cut into < 200 bp fragments with a custom script (available upon request). The reads from metagenomes and metatranscriptomes were recruited using FR-HIT (Niu et al., 2011) , considering the contigs or predicted proteincoding genes of the SAGs, respectively, as references. Default parameters were used except for the following: report recruitments with > 90% identity to SAG (-c 90), coverage of > 75% of the read (-m 75), ignore < 100 bp reads (-l 100) and report only the top hit for each read (-r 1). The percentage of recruited reads was normalized to the total base pairs of the protein-coding genes or the SAG sequences, for the metatranscriptomes and metagenomes respectively. In the case of AMZ groups that consisted of more than one SAG, the fragment recruitment was performed using a bin of the predicted proteins, which were clustered using CD-HIT (v4.6.4) (Fu et al., 2012) with a > 98% amino acid similarity threshold (-c 0.98). In the latter case the percentage of recruited reads was normalized to the size of these protein-coding SAG-bins. The rows of the resulting metatranscriptomes and metagenomes recruitments matrixes were ordered according to their O 2 concentration (when available) and environment type, as detailed in Supporting Information Dataset S2. The Columns of the resulting metatranscriptomes and metagenomes recruitments matrixes were clustered by the Euclidian distance method through average linkage.
The quality-filtered reads of the ETSP AMZ metagonomes NBP13-05_189, NBP13-05_124 and NBP13-05_125 were assembled using IDBA-UD (Peng et al., 2012) after adjusting the kMaxShortSequence constant to assemble their 300 bp reads. The assembled version of these metagenomes was then uploaded to the IMG/ER online platform for gene prediction and functional annotations.
Methodological details regarding 16S rRNA gene sequencing and preprocessing, and the search for methanogenesis genes in AMZ metagenomes and their taxonomic assignation are described in Supporting Information.
Sequence deposits
The assembled new Single-cell Amplified Genomes and Metagenome sequences have been deposited in the Integrated Microbial Genomes and Microbiome Samples (IMG/M) portal and are publicly available through accession numbers detailed in Supporting Information Dataset S1 and S2 respectively. All associated raw data are available through NCBI Bioproject PRJNA393056. reductases are enclosed within a purple box. Phylogenetic trees were constructed using the predicted amino acid sequence of the corresponding nitrate reductase subunit. In each node, the numbers show its statistical support after 100 iterations (bootstrap values). A. The phylogeny of the CEP-DCM-66 group was further assessed through Bayesian inference (Markov Chain Monte Carlo algorithm). Also, Maximum Likelihood phylogenetic trees of the Proteobac-PARTICL SAG (red branches) were generated using the predicted amino acid sequence of: B. Ribosomal protein L13, COG0102 C. Ribosomal protein S9, COG0103 D. Signal recognition particle GTPase, COG0552. For each node, the numbers show its statistical support after 100 iterations (bootstrap values). Fig. S6 Metatranscriptomic fragment recruitments of AMZ groups. Fragment recruitments were performed using a > 90% identity threshold and normalized to the base pair size of the protein coding SAG-bins. The metatranscriptomes are enumerated along the y-axis in the order detailed in Supporting Information Dataset S2, and their O 2 concentration (whenever available) and environment is presented in the graph located at the left. Available information regarding environmental chemistry and references for each metatranscriptome are available in Supporting Information Dataset S2. 'AMZ' refers to metagenomes from the Arabian Sea, ETNP and ETSP AMZs, and 'Seasonal OMZ' refers to the OMZs of the Eastern South Pacific (off the coast of Concepci on, Chile) and Eastern North Pacific (off the coast of Oregon, USA). The red stars denote that these metatranscriptomes were generated in this study. Fig. S7 Sample collection sites during the 2013 oceanographic cruises to the ETNP and ETSP AMZs. Circles denote the sampling sites of SAGs and metagenomes. The square denotes the collection site of the samples used to generate the metatranscriptomes and the 16S rRNA gene sequencing data. Fig. S8 Recruitment of microbial community sequence fragments by AMZ SAGs and reference genomes. The representation of four groups of this study is compared to that of available reference genomes with similar metabolic potential or phylogenetically related, within: A. Metagenomes B. Metatranscriptomes All fragment recruitments were performed using a > 90% identity threshold and normalized to the base pair size of the SAGs or reference genomes. The recruitment of Marinimicrobia representatives are denoted with the alternative 'MGA' (Marine Group A) acronym. Note that two color keys were used in heatmaps A) and B) due to the different proportions recruited by the genomes analyzed. The metagenomes and metatranscriptomes are enumerated along the y-axis in the order detailed in Supporting Information Dataset S2, and their O 2 concentration (whenever available) and environment is presented in the graph located at the right. Available information regarding environmental chemistry, references and a detail of the proportions recruited for each metagenome and metatranscriptome are available in Supporting Information Dataset S2. 'AMZ' refers to metagenomes from the Arabian Sea, ETNP and ETSP AMZs, and 'Seasonal OMZs' refers to the seasonal OMZs of the Eastern South Pacific and Eastern North Pacific. denote that the homologs from these reference archaeal genomes were most likely acquired by horizontal gene transfer from bacteria. Fig. S10 EOSA-II dissimilatory sulfite reductase. Maximum likelihood phylogenetic trees of dissimilatory sulfite reductase, subunits: A. DsrA (alpha) B. DsrB (beta)
Genes found in the EOSA-II SAGs, AD-606-J22 (contig Ga0069774_101) and AD-602-N15 (contig Ga0069772_104), are highlighted in blue background (red branches). Phylogenetic trees were constructed using the predicted amino acid sequence of the corresponding sulfite reductase subunit. In each node, the numbers show its statistical support after 100 iterations (bootstrap values).
